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Abstract

Blowing snow is an impactful process in cold cliggtaffecting regional thermodynamics, radiaticopprties, and
the surface mass balance of snow. Though it hadfis@nt climatic impacts, the process is still ggainderstood
and not widely included in weather and climate nieda 2016, the AWARE Field Campaign saw the dgplent
of a large suite of in situ and remote sensingumsénts to McMurdo Station, Antarctica allowing fovestigation
of blowing snow. A ceilometer-based blowing snowedton algorithm used elsewhere in Antarcticapplied to
data from AWARE, yielding a blowing snow frequerafyl4.1% compared to 8.2% as detected by humamadrse
To increase confidence in detections, the algorithmpdated to have shorter temporal averagingtaridclude a
variety of meteorological thresholds to limit faldetections due to fog. Efforts to incorporateseetalisdrometer into
the algorithm were unsuccessful. An unphysical ddpace of particle size distributions on wind spe&etbund
suggesting observations are problematic at winddgpgreater than 10 m.sThe revised algorithm detected a blowing
snow frequency of 7.4%, increasing agreement witmdn observations and confidence that the prosesstively
occurring at the observation site. These obsemstiwe put into context of a climatology of huméiservations of
blowing snow at McMurdo station from 2002-2018. &mual average of 8.0-14.0% is estimated, witha tmnual
range of 3.4-21.3%. Regardless of whether blowitgsis observed by humans or instrument, the nigjoficases
at this location are associated with ongoing piitatipn.

1 Introduction

The movement of surface snow by the wind is a compienomenon in high latitude regions, and is ofedarred
to as snow transport (Li & Pomeroy, 1997). The seibution of surface snow is typically broken dowato two
processes: blowing and drifting. The distinctiotmzEen these two types of snow transport is thettigigwhich the
process occurs. Mahesh et al. (2003) defines bipaiow (hereafter BLSN) as “masses of snow pasticteried by
the wind to fill the near-surface atmospheric laged to limit horizontal visibility”. The AtmosphierEnvironment
Service (part of Environment and Climate Changea@a states that blowing snow obscures visibilignT the
surface up to 9.7 km altitude (Li & Pomeroy, 1999)ifting snow only includes events where the tporsation layer
is restricted to the lowest 2 m above the surf@&meséart et al., 2017; Leonard et al., 2012; Li &feooy, 1997).
These definitions are consistent with those givwethie American Meteorological Society Glossary aétbbrology,
although the National Weather Service (NWS) oftates "eye-level” vs. providing an exact heighthesdistinction
between the two processes (NOAA, 1998).

The transportation of snow has numerous impadatelohclimate regions. From a radiation budget pectpe, BLSN
plumes can increase the albedo over the surfaceednde the surface temperature which in turn asge the stability
of the surface inversion layer (Bintanja, 2001; haa et al., 2012; Yang & Yau, 2011). This effeepends on the
surface in which the snow is blowing over. The degtthe BLSN plume affects the behavior of longe/aadiation,
altering the depth of the surface inversion (Mahetshl., 2003).

BLSN also has a number of thermodynamic and kinienmapacts in the boundary layer. Particles inafréncrease
friction and resistance, having a strong impactentical wind speed gradients (Bintanja, 2001)erflodynamically,
BLSN is associated with increased sublimation rafssparticles are lifted, a higher proportion ek particle’s
surface area is exposed to the air, increasingatieeat which particles may sublimate if the rethumidity is less
than 100% (Déry & Yau, 2002; Palm et al., 2017)e ERtent of sublimation varies depending on the arm quantity
of particles suspended in the air, as well as ¢ngperature and humidity of the layer (Palm et2017). Smaller
particles, which are more likely aloft, sublimasestier than the larger particles found near theasarflue to drier air
and their higher surface area to mass ratio (Poyriidale, 1988). Sublimation may be increased byaif0% due
to entrainment or advection of dry air into a BLpNme (Bintanja, 2001). Estimations of total masssidue to
sublimation of BLSN have been calculated basedatellge retrievals (e.g. Palm et al., 2017).

Finally, BLSN has ramifications for the surface arabudget. BLSN modifies the properties of theatgfsnow pack
by transportation and sublimation (Bintanja & Re#m2001; Budd, 1966; Déry & Yau, 2002; Lenaertalgt2010).

This process can significantly impact the localfate mass balance in regions where BLSN is commioch as
Antarctica. For example, BLSN sublimation and tgors combined is estimated to remove over 50% l#rissnow

in some coastal regions of Antarctica (Scarchilile 2010). Palm et al. (2017) estimated thatth&rctic continent
loses an average of 393.4 + 197 Gt of snow anndalkyto BLSN sublimation.
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A variety of remote sensing projects have beenoperéd to better observe and understand BLSN. Timesede
ground-based studies with lidar and radar (e.g.eédhfet al. 2003; Bourdages et al. 2009; Gossait 8017), and
satellite-based studies (e.g. Palm et al. 20117 2RQ218). Ground-based studies have no obstrudiiento cloud
cover, whereas satellite-based studies are linitetbud-free BLSN events, which are less frequeetr the coastal
regions of Antarctica (Adhikari et al., 2012; Ligtski et al., 2019). Gossart et al. (2020) estim#teti90% of BLSN
in coastal Antarctica occurs during cloudy condisipand is likely missed by satellite. Satellitedéts allow a broader
spatial understanding of the process, as measuteraem made over broad geographic areas, whilengrbased
studies allow for better characterization of tharmary layer based on a single location.

Gossart et al. (2017) developed an algorithm tedeBLSN based on backscatter profiles from a gilehesed
ceilometer. Ceilometer data was analyzed at Neurritly@nd Princess Elisabeth stations in eastertafatica from
2010 to 2016. The algorithm agreed with human olzgiems of BLSN 78% of the time. At these locaticegilability
of fresh snow was as important as wind speed, &6 @2BLSN observed occurred during or shortly aftessh
snowfall from synoptic-scale events.

The frequency of BLSN varies across Antarctica doietopography and regional climate dynamics. Human
observations indicate that BLSN occurs 33.8% oftitne at the South Pole Station, with annual fregies ranging
from 22.1% to 53.3% (Mahesh et al., 2003). Basedatsllite retrievals, Palm et al. (2018) calculateegadune
regions of the ice sheet can see frequencies Up%owhile coastal locations were lower. Moisture atouds are
more bountiful in coastal regions allowing for iaased precipitation compared to the inland portadnise continent.
This poses obscuration problems for satellite-batedies. For example, Palm et al. (2018) estimatgliencies
could be artificially lower in these areas by 28480Many BLSN events occur within 24-48 hours girecipitation
event, suggesting that the coastal regions maynseeased BLSN than otherwise suggested from Ratstudies
(Gossart et al., 2017).

Although the effects of BLSN are vital to understeny the climate of high latitude regions, this pbeenon is still

poorly understood and not widely included in weatired climate models (Gallée et al., 2001; Agosta.e2019).

While BLSN models exist to simulate plumes and oegl surface mass balance, there are large unuéztaiA

primary issue limiting the accuracy of these mogdaial the ability to correctly parameterize thecpss in weather
and climate models, is a lack of observations amdetstanding of the process itself (Trouvilliezakt 2014). The
varying parameterizations bring difficulty to moitkgj the surface mass balance of ice sheets in dlee pegions

(Leonard et al., 2012). Better understanding ofttoeess will allow for the improvements of modatgmeterizations
and estimates of snow transport and sublimation.

The U.S. Department of Energy (DOE) Atmospheric iR&mh Measurement (ARM) West Antarctic Radiation
Experiment (AWARE) Field Campaign took place in 8Qt investigate cryospheric loss in the West Acttarice
Sheet (WAIS). McMurdo Station on Ross Island (7735166°40°'E) was the central facility for the peof, with an
additional mobile facility deployed at the WAIS (28’S, 112°5'W) during the summer (Lubin et al..2B). The
locations of the sites are shown in Figure 1. THeARRM Mobile Facility (AMF2) was deployed to McMdo Station
for all of 2016 including approximately 50 in simd remote sensing instruments. To date, this allowthe most
comprehensive look at the surface energy budgetthadnodynamic structure of the atmosphere in Weste
Antarctica (Lubin et al., 2020). Priority was pldaen studying the importance of mixed-phased clardsaerosols
with respect to the radiation budget and understandoud microphysical properties (Lubin et al018). While
understanding BLSN in the region was not explicitlgoal of the campaign, AWARE provides a uniqueasfunity

to study the process with a wide variety of instemtation deployed for a full year, supplying conbas, quality-
controlled data.

The work provided herein is the first part of aeiof papers to investigate observations and sitioums of BLSN at
McMurdo Station. In this initial study, surfacedaceilometer observations provided by the AMF2 githe 2016
AWARE campaign are used to identify the frequenEyBbSN at McMurdo Station. The Gossart et al. (2017
ceilometer based BLSN algorithm is applied to obséons and adjusted to ensure confidence in BLS8Mgalion at
this location. These observations are contextudligeinvestigating the climatology of BLSN at McMiar Station
using human observations.
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Figure 1. Map showing the location of McMurdo Siatand the Western Antarctic Ice Sheet field site.

2 Human Observations of BL SN

Surface weather conditions are recorded by humaarebrs within McMurdo Station for three-hour pdeoThese
observations are available from 1999 to presem fitee Antarctic Meteorological Research Center (ADjRt the
University of Wisconsin-Madison. For the purposéshis study, only complete years of records frod®2-2018
were analyzed. Freezing precipitation (snow, snoaing, or ice crystals; SN/SG/IC), fog/mist (FG/BRhd BLSN
conditions are recorded as the length of time é&mhehree-hour period that said condition occurred.

The 17 years of human observations from McMurddi@taare used as context for observations takeinglur
AWARE. While there are no major issues with underding the climatology of human observed BLSN ughig
data, several potential issues need to be considdren comparisons are made to instrumentatidreadMF2. First,
human observations are made in town (10 m elevatidile the AMF2 was deployed near the observatidh
southeast of McMurdo Station (78 m elevation). Tomplex terrain of Ross Island suggests that lonalione could
cause some differences. Human observations alse dalegree of subjectivity; observations may bensistent
between different observers and human error isifplessven from the standpoint of simple data e(fgvant, 2010;
Hanesiak & Wang, 2005). Additionally, it is dark Amtarctica for approximately half of the year, rimakit more
difficult to observe surface conditions as notedtimer high latitude studies (Hanesiak & Wang, 20@®llectively,

it is probable that the human observed frequencBloBN at McMurdo Station is biased when compared to
observations at the AMF2.

The daily observer spreadsheets from McMurdo Statiere accessed from the AMRC repository for 200282
The date, hours, and timing of each weather camdiftom each daily worksheet were aggregated iotmroa
delimited files to compare with algorithm resulifie amount of BLSN was then broken down into tinmetuding
occurrence with other phenomena.

2.1. Climatology at McMurdo Station

From 2002 to 2018, McMurdo Station had an annuatage of 806.9 hours of BLSN, yielding a frequeat9.2%

(Figure 2). The frequency of BLSN has substantiaiability at this location with totals ranging fro371.0 to 1214.2
hours (4-14%, Figure 2a). BLSN varies by seasot wieximum frequencies during the austral winterr{{Ap

October, Figure 2b). Overall, June is the climagatal maximum for BLSN with an average of 118.6 ts0{16.4%).

Conversely, very little BLSN occurs during the suamrmonths of December — February. For exampleDdwmber
average for BLSN is 11.3 hours (1.6%). Betweendhasasons, transitional periods are observed, rewehe

greatest variability occurs at the end of the ga@dson (September and October).
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Figure 2. Boxplots showing distribution of a) anhaad b) monthly frequencies of BLSN from humareniagions at McMurdo
Station. The orange solid and green dashed linpeesent the median and mean of the distributiospeetively. Red dots show
the observed frequency in 2016 during the AWAREpaan.
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Observations of BLSN were investigated by its osace with other conditions (Figure 3). The majooit all BLSN
observations occur concurrently with falling sofickcipitation in all seasons. This is particulathg case during
summer, accounting for an average of 78% of BLS8kolmtions. This proportion falls to 56-63% durthg rest of
the year, as more BLSN is observed by itself.
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Figure 3. Seasonal proportion of human BLSN obg@wa occurring with other phenomena at McMurdatitafor the a) 2002-
2018 climatological average and b) AWARE campaign.

2.2. Human Observations during AWARE

BLSN during the AWARE Campaign was slightly beloweeage, with an annual frequency of 8.2% (723.2$10u
Figure 2). Month-to-month variability is seen dgithe first half of the year with April and Juneirgethe most
prolific months for the process; each month hado-idurs of BLSN, easily falling outside the thirdagtile of the
distributions. Observations of BLSN were above agerfor most of the first half of the year, follaivby below-
normal occurrence in the late winter and spring. &@mple, only 2.7 hours of BLSN were reportedNisvember
(Figure 2b).

3 AMF2 Observations of BLSN
3.1. AMF2 instrumentation
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A number of in situ observations were availablthatAMF2 for the AWARE campaign. The facility hadariety of
Vaisala instruments to measure basic meteorologroglerties (Ritsche & Prell, 2011). These measerggsincluded
barometric pressure (PTB330), temperature andiveldtumidity (HMP155), wind speed and wind direntio
(WS425), and a visibility, present weather and ipitation sensor (PWD22). Instruments were insth#ie standard
AGL heights of 1 m (pressure), 2 m (temperaturkatinee humidity, present weather), and 10 m (windxibility
measurements are based on optical forward scajterading to measurements with + 5% uncertaintys(Rie &
Prell, 2011). The HMP155 measures temperature usifigur-lead, platinum resistance thermometer, avttie
relative humidity is proportional to the capacitarfitom a polymer film (Ritsche & Prell, 2011). Hiyathe WS425
uses ultrasonic measurements to retrieve wind ptiepgRitsche & Prell, 2011).

Surface observations also included two instruméntprecipitation: an optical rain gauge from OptiScientific
Inc. (ORG-815-DR) and the OTT Particle Size ando¢iy disdrometer (Parsiv@l The Parsivéluses a 650 nm
laser to project a 27 mm by 180 mm horizontal sbékght onto the receiver, measuring the shadbpaaticles that
pass through by the reduction in voltage receiv@@T{ Hydromet, 2016). This allows for direct measoeat of
particle size and speed. The following variables #ren derived: particle size spectrum, type artensity of
precipitation, kinetic energy, radar reflectivignd horizontal visibility. In practice, particle®m 0.25 to 25 mm in
diameter can be measured by the instrument, sotte82 size classes of varying widths. The twe $ims of smallest
diameter (less than 0.25 mm) are not typically uheel to low signal-to-noise ratio (Battaglia et 2010). Particle
fall speeds are also sorted into 32 classes, wittafd 25 m$ being the minimum and maximum detectable fall
speeds, respectively (OTT HydroMet, 2016).

A suite of remote sensing instruments was alsooyepl at the AMF2. For this initial study, only thlaisala CL31

ceilometer is discussed as it is the primary imsgmt used for the preexisting BLSN detection athani The CL31
is a lidar system transmitting at a single waveter(§10 nm at 25°C), receiving the backscatter \aithavalanche
photodiode receiver (Morris, 2016). The CL31 yietliga with 16 s samples and 10 m vertical grid isygaap to

approximately 7.5 km above the instrument. ARM imidd)y provided ceilometer data with 30m verticakeages.
This data has since been reprocessed to the dridima spacing.

The ceilometer uses overlapping transmitting arzkivéng optics such that beam overlap occurs clésethe

instrument than other lidars, producing data oflyrilabove instrument level (Morris, 2016). Thermstent includes
a built-in algorithm to correct unrealistically hidpackscatter values in the first range bin dusitmow obstruction
(Gossart et al., 2017). This filter introducesfadis into the data in the first range bin, resgitin data that is
consistently higher than that in the following biRsr this reason, the first range bin is not usdgtle BLSN detection
algorithm. The ceilometer also uses relatively Evergy (310 W), allowing for more economical opiera{Morris,

2016). Since the energy of the emitted pulses ite dow, many pulses are averaged to reduce rartmirkground
noise (Morris, 2016). The low emitted energy camoduce attenuation issues, particularly in mixgdngés where
snow is both falling and blowing. While this is rextpected to affect the retrieval of BLSN plumegihes for cases
under clear sky, it may cause issues in determitiiaglepth of layers with more complicated hydraneprofiles.

3.2. Gossart et al. (2017) BLSN detection algorithm

Gossart et al. (2017) developed an algorithm teddd2LSN from ceilometer attenuated backscattdiilpso(referred

to herein as the Gossart algorithm). Prior to rogrthe algorithm, hourly running means were credtech the
original 16 s ceilometer profiles to smooth noisghe data, including laser-focusing issues thabgdeally appear

in the 4" to 6" range bin. The algorithm is summarized in thectelhg paragraphs. For additional details and
reasoning behind the decisions made, readers fareett to Gossart et al. (2017).

The first step of the algorithm is to check whethackscatter in the lowest usable bin (bin 2, 1G¥2@bove the
ceilometer) is higher than the clear sky threshdltk clear sky threshold is set by subjectivelgstithg periods of
clear sky observed by the ceilometer and usin@®epercentile of the backscatter in the lowest ushlsieFor the
AMF2, this value was 210*km? sr, similar to the original values of 21- and 32(*km sr! used for Princess
Elisabeth and Neumayer 1l stations, respectiviel{Gossart et al. (2017). The algorithm then lofoksa decreasing
profile by checking if backscatter in the lowesabie bin is higher than the average of the bactesct the third to
seventh bin (30-80 m). If these criteria are m&tSH is detected and the algorithm ascends thelerdfin-by-bin,
until the backscatter falls below the clear ske#old (Category 1, clear sky BLSN) or begins twease with height
(Category 2, BLSN with clouds/precipitation). Theception for this strategy is for intense eventshwstrong
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backscatter due to both falling and/or blowing snfwackscatter in the lowest usable range b 1900104km*
srl, the profile is labeled as an intense mixed e¢€ategory 3).

In summary, the algorithm sorts profiles into fazategories: non-BLSN, clear sky with BLSN (Categdy
cloud/precipitation with BLSN (Category 2), anddnse mixed events (Category 3). Schematics shothinghree
BLSN categories are provided in Figure 4. The ntu$B profiles are those that show no ground-basedman in
backscatter. The BLSN with cloud/precipitation aelar sky BLSN appear as profiles with high backecan the
low levels with and without secondary peaks in Isaekter at higher altitudes, respectively. Intangeed events are
those with very high backscatter in the low lewbkt can attenuate the ceilometer to various ext€@dmbined with
existence of BLSN and falling snow, a variety ofkecatter profiles can exist for this category, mgkhe height of
the BLSN more difficult to detect.

a) Category 1: Clear Sky BLSN b) Category 2: Cloud/Precip. with BLSN c) Category 3: Intense Mixed Event

Altitude >

Backscatter > Backscatter > Backscatter >

0 BLSN Particle Clear Sky Non-BLSN Signal
g Falling Snow === dealized Category Ceilometer Profile(s)

Figure 4. Diagrams of (a) clear sky BLSN, (b) clsipdecipitation with BLSN, and (c) intense mixeergs. Orange and dark blue
lines represent the clear sky signal and obsenaatécatter profiles from the ceilometer, respetyiviultiple profiles are shown
for Category 3 to demonstrate how profiles varyhi®/amount of hydrometeors and resultant attennatio

3.3. Arevised BLSN detection algorithm

Based on performance of the original algorithm, nainspection of cases, and the goal of eventua#yging the
ceilometer with additional radar and lidar datasetsilable with the AMF2, several additional mocktfiions were
made. First, manual inspection showed that thel)aounning means (225 profiles) applied in the Gasalgorithm
elongated the signal of some events, leading tositipe bias in frequency of detected BLSN (Fig&¥). Time
averaging was reduced to five-minute periods (I8ilps) as this is a common interval used with otbefiling
instruments at ARM sites (e.g. Clothiaux et al.0@0Kennedy et al., 2014; Mace et al., 2006). Sityi tests
demonstrated the varying of temporal averaging grilpmimpacted the results by a downward shiftregliency (see
Section 3.4).

The second adjustment made to the algorithm wasthesion of meteorological thresholds to increesafidence
that BLSN was actively occurring at the AMF2. Théseuded conservative thresholds of 10 km forhilgy to

ensure the backscatter signal was not decoupled thhe surface layer, as the definition of BLSN rieggivisibility

at 2 m to be reduced. A wind speed threshold of ' ifMellor 1965) was chosen to remove cases of stadgog.

Fog appears similarly to BLSN in backscatter pesfialone, but the application of a wind speed ttalgscan rule
out cases in which there are low-level scatterersgnt but insufficient wind to support BLSN. Madiftion of these
thresholds resulted in minor differences in theedébn of BLSN. For example, doubling the wind spé&eshold to
6 m s! reduced total hours of BLSN by 7.1% while a rercin visibility to 5 km led to a 7.8% relative aihge.
Despite these thresholds, advection fog was stifiety detected by the algorithm during the summenths.
Advection fog with moderate wind speeds is reldyivammon during the austral summer at McMurdo iStat
(Lazzara, 2008). In an effort to remedy this issare,additional 90% relative humidity threshold viasluded to
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separate fog from BLSN (Figure S2). While imperfélis value offered the best balance of retaimearly all of the
BLSN signal throughout the year and reducing fglgsitives during the summer months. Additional ealuere
tested in 5% increments, but reductions led to Blbgkhg removed while increases did not sufficienginove fog.
The updated algorithm is referred to as the fiveute algorithm and versions are included with (B-miMET) and
without (5-min) thresholds in Section 3.4.

The three versions of the algorithm were compapeltuiman observations to grossly assess performaftbeugh
the human observations are not quite an applepfites comparison, the comparison can provide insigh the
potential skill of the algorithm (or human obses/éar that matter). To do this, output of the aithons was grouped
into the three-hour periods of the human obsermatior comparison. The algorithm output is conwttebinary, to
show whether BLSN has occurred within the periaiher than show specific categories. BLSN was taide
detected by an algorithm if at least 20 minuteBIoSN occurred within the period. Periods of BLSN&br than 20
minutes are likely to go unreported by human obstvThis is also the period used in the analysifopmed in
Gossart et al. (2017). The percent correct is ¢atled for each algorithm based on two-by-two caggincy analysis
based on the NOAA Forecast Verification Glossatye percent correcPC) describes the amount of agreement
between the algorithm and the human observerssagalgulated as

PC = A+D 100% 1
T A+B+C+D 0 &y

where the variables are as defined in Table 1.

Table 1. 2x2 Contingency table for comparisons betwhuman observations and algorithm results.

Human
BLSN Non-BLSN
BLSN A B
Algorithm
Non-BLSN C D

3.4. Algorithm Results

3.4.1. Comparison to human observations

Monthly BLSN frequencies from the algorithms arewh in Figure 5a while seasonal and total valuedisted in
Table 2. For comparative purposes, human obsensatice also provided along with the frequenciesisibility
measurements < 10 km. The algorithms have compasaasonal cycles of BLSN with local maxima andimgén
during similar months. Of the methods analyzed, Gossart algorithm had the highest positive biaspared to
human observations with 1234.9 vs. 723.2 hoursctide In a relative sense, this difference washiptarger for
the summer (DJF), with a ~500% increase over husbaervations. The 5-min + MET and 5-min algorithrdetected
649.2 and 1044.8 hours of BLSN, respectively. Tinéy ononth in which human observers reported a highe
occurrence of BLSN than the algorithms was in Apvihich was also the peak month for human obsematiluring
the campaign.

Separation of BLSN events by category shed additibght on the process at McMurdo Station (Figbiog. Like the
5-min + MET algorithm, all methods detected a higliequency of intense mixed events (Category a@hthther
categories. This means BLSN is closely tied to amg@recipitation events at this location. Seadgn#iis is most
common during the autumn and early winter (Marchuioe). Once snow accumulates at this locatioar skey BLSN
becomes more likely until peaking during August.tiis point, warming conditions reduce the likebldoof BLSN
and frequencies drop for all categories into thrarser.

The impacts of time averaging can be identifieddapparing results between the Gossart and 5-maritigns. Over
the course of the year, the alteration of tempawalaging led to a decrease of BLSN detection ft@6v.9 to 1044.8
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hours (a 2.2% reduction in absolute frequency).t\bthis change was seen when the averaging pessdncreased
above 15 minutes (not shown). The difference betwbese two methods varied month-to-month shedijhgon
temporal variability in the ceilometer backscatfEnese differences were largest during April, Jagd August
suggesting BLSN occurrence had spatial heterogerseith as what has been seen at other locatimasc{8lli et
al., 2010; Kennedy & Jones, 2020). These differerweere also greatest for Category 1 and 2 eventssfrown).
Manual inspection of ceilometer data supportscbisclusion (Figure S1), but unfortunately, thisdiof year did not
allow for the analysis of passively sensed satetlidta as there was insufficient solar radiatiodet@ct BLSN with
near-infrared bands (Palm et al., 2011; KennedyJames, 2020).
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Figure 5. a) Monthly hours of BLSN detected by husnaeilometer-based algorithms, and the visib8gysor during the 2016
AWARE campaign. b) Monthly hours of fog and BLSharsged by category detected by the 5-min + METoaigm. For
reference, select algorithms are shown with colatets.

Inclusion of wind speed, visibility, and relativarhidity thresholds had the largest impact on deiraif BLSN. As
this can be considered a quality-control or subsgrocess that helps confirm BLSN is actively wcing at the
surface, detection of the process is decreaseergaad (Figure 5). In total, 649.2 hours were dietgdby the 5-min
+ MET algorithm (frequency of 7.4%), slightly beldke results for human observations. When threshekte added
to the Gossart algorithm, the frequency was onlg h8urs above that of 5-min + MET, virtually negatithe
differences due to temporal averaging. Since thienitiaof the changes to the algorithm are duehse thresholds,
the Gossart algorithm with thresholds can detecsBleffectively, but the five-minute averaging pesaallow for
use with additional instrumentation to gain mor&ght into the plume properties and reduces the-swmothing of
shorter BLSN events.

Inspection of individual months revealed some nletalifferences in the results of the algorithmsriBg the month
of April, the 5-min + MET algorithm had ~30% lessuns of BLSN than the original Gossart algorithnd &imman
observations. Half of this difference can be exmdi by the lack of temporal averaging. In this ¢céise-minute
averages appeared to better handle artifacts ilower bins of the ceilometer profiles that wererencommon in this
month. The remainder was removed due to the wirddhreshold not being met. Other factors inciydié! having
the highest number of hours of observed fallingnsrep complicated backscatter profiles were comrtamep This

This article is protected by copyright. All rights reserved.



led to cases where BLSN was observed but not aetday any algorithm. Further, several dates hadamum
observations with continuous (+24hr) BLSN detectionereas visibility and ceilometer observationsgasged
BLSN was not continuous at the surface. It is hlgpsized that some of this discrepancy may be dperiods of
suspended blowing snow above the surface layerx@ample of this is provided in Figure S1 (see 12dQ3:30
UTC).

Table 2. Seasonal and total BLSN hours and freqasifior each algorithm shown in Figure 5. The fimgwute algorithm is further
broken down into each category of BLSN.

Algorithm BLSN Hours (Frequency)
Summer (DJF) Autumn (MAM) Winter (JJA) Spring (SON)| Total

Human 36.7 (1.7%) 282.9 (12.8%) 307.4 (13.9% 96.2%) 723.2 (8.2%)

<10 km 175.6 (8.0%) 438.8 (19.9%) 503.8 (22.8% 274.76%) 1392.8 (15.9%)

visibility

Gossart 173.2 (7.9%) 338.2 (15.3%) 467.8 (21.2%) 5.2811.7%) 1234.9 (14.1%)

5-min 155.3 (7.1%) 294.8 (13.4%) 394.0 (17.8% .8(0.2%) 1044.8 (11.9%)

5-min+MET 34.8 (1.6%) 202.8 (9.2%) 282.1 (12.8%) 9B2(5.9%) 649.2 (7.4%)
| Category 1| 7.0(0.3%) | 243 (1.1%) | 63.2(2.9%) | 3.221.1%) | 117.7(1.3%)
| Category2 | 11.3(0.5%) | 81.8(3.7%) | 98.1(4.4%) | 43.2(2.0%) | 234.3(2.7%)

Category 3 | 16.5 (0.8%) 96.7 (4.4%) 120.8 (5.5% | 63.2 (2.9%)7 297.1 (3.4%)

Another major difference caused by the inclusiothoésholds occurred during the summer months.5Fhen +

MET algorithm performed notably better during tBesason due to the removal of fog cases. The mgsirtemt

contributor to this reduction was the inclusiortta# relative humidity threshold. While imperfectgnual inspection
of data noted missed cases in November), the cheslee (90%) prevented wintertime BLSN cases framndp

removed. Overall, it is concluded that the othgodthms are biased high by at least 5% from NowambJanuary
(Figure 5b) although this can also be remediechbluding MET thresholds to the Gossart algorithm.

Agreement between the algorithms and human obsengavaried seasonally (Figure 6). The average ¢tGhie
Gossart algorithm was 76.5%, which is similar te tasults of Gossart et al. (2017), though monthlyes were as
low as 61.0% (seen in July). The 5-min + MET altfori had the highest PC in all months, ranging fi@nb-94.7%.
Notably, the PC was still highest for the 5-min EWMalgorithm during April even though the total roen of hours
observed by humans was closest to the resulte@dssart algorithm. The 5-min algorithm had ataEwas slightly
higher than the Gossart algorithm throughout ther,ymeaning that the periods of BLSN detected leyShmin
algorithm coincided with human observations morerofthan the Gossart algorithm. The PC is highestafi
algorithms during the summer months (DJF). Thiexpected due to the lower frequency of BLSN allawiar
correct null detections to dominate the statistic.

Another factor potentially affecting the seasownaiitthe agreement is shortcomings of the humaemisions, rather
than failings of the algorithm. Human observatiarsinherently subjective; what one observer maptieas BLSN,
another may not. The record is expected to be tigseards longer or more intense periods of BLS\tha observer
only records the number of hours of occurrencegifenomena within a three-hour period. It is likdigt some short-
lived BLSN plumes may be missed, leading to disanefes between the algorithm and the human. Tisispgported
by the type of human observations made during thoee periods with 5-min + MET BLSN detections (&g 7).
As intensity of events in both duration and catggaocreases, the likelihood of humans identifyifg tprocess
increases. Because this analysis does not inclodeat null events, the challenges of comparingtiihe types of
BLSN detection is readily apparent; BLSN is ideetif simultaneously for only ~50% of the 3-hr pedpdnd this is
reduced to ~40% for the Gossart algorithm (not stjow

Synthesizing this section, an annual range of Bc8hbe estimated at McMurdo Station by using thgegrovided
by the algorithms and human observations for thgWinter and spring seasons, then relying on huiaservations
and the final algorithm as guidance for the sumrdering the 2016 AWARE campaign, this techniquddgea
modified frequency of 7.4-12.5%. Extrapolating ttighe 2002-2018 period shown in Section 2, BL&Njfilencies
can range from 3.4-21.3% in any given year, withean BLSN of 8.0-14.0%. This is approximately 23t higher
than the values provided by space-borne lidar @étsonal communication with Stephen Palm). Thiexjsected
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considering the aforementioned limitations of diétecof BLSN in the presence of clouds. Provideat fbwer-end
values are associated with simultaneous obsergtibthe surface, these numbers should be tho@igistmeriods of
actively occurring blowing snow at the site whiligher-end values may be more representative obned/iBLSN
occurrence as BLSN may become suspended abovertheeslayer. Regardless, modelers are cautiorsdhbse
values are only representative in the immediateniicof the station and frequencies for coarselgnnay vary
substantially given the known influences of top@main the region.
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Figure 6. Percent correct by month for each aldgaritcompared to human observations during AWARE.
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Figure 7. Category of human observations associafiéd 5-min + MET BLSN detections for a minimunap20-min and b) 1-hr
of algorithmic detections during each 3-hr humaseatvation period.

3.4.2 Parsivél measurements

Although the Parsivélis only sensitive to particles ~2%@n and greater, it was hypothesized the instrumeuldc
provide enough information about the large taithef BLSN particle size distribution (PSD) (e.g. Gam & Taylor,
2009; Mellor, 1965; Nishimura & Nemoto, 2005), tistthguish between the categories of BLSN, fallampw, and
fog. Distributions and mean particle counts wenmagoted for the various categories (Figure 8). Meanticle counts
are lowest (highest) for Category 1 (3) events &vfog has significant overlap with all categories.
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Figure 8. a) Boxplots of mean particle counts friva Parsivel for each category based on the 5-min + MET algaonitirhe
orange solid and green dashed lines represent théian and mean of the distributions, respectivie)yMean particle number
density distributions from Parsiveleparated by category.

The mean PSDs for each category are shown in FRlureor all categories, the peak occurs at partides of 0.3-
0.5 mm. Fog events have the highest peak particieber density, along with significant variationnrean particle
counts. Category 3 events have a greater quarftiyger diameter particles which would be expeatétth intense
mixed events including falling snow. Overall, Paefi particle counts and number densities alone dappear to
aid in separating scenes of hydrometeors.

Despite this finding, manual inspection of casegssted there were some distinguishing differebeéseen events
(see Section 4). Provided characteristics and diioins of the Parsivehave been documented for falling snow
(Battaglia et al., 2010) but minimally for BLSN (lsllan 2010 noted a positive bias for precipitatide during BLSN
events), further investigation was warranted. Gittemimportance of wind for the process, Pardioblservations
during time periods of detected BLSN were segrebdie wind speed for all events (Figure 9). An imiasel
relationship is seen between wind speed and PSmird speed increases above a threshold of ~16, the shape
of the PSD changes markedly with number densityeisging at diameters greater than 1mm. This comésea
expense of a decrease in smaller particles. Whilgel aggregate snowflakes can occur at coastatidos in
Antarctica (Konishi et al., 1992; Souverijns et a017), this signal occurs for all categories bEBl including events
with clear sky or a lack of fall streaks indicatioEsignificant snowfall. To test whether this ablle an artifact of
instrument siting at the AMF2, a similar analysiasiperformed for Parsivabbservations from the Phoenix Airfield
Antarctica Precipitation Site (APS) deployed durR@®L9 and a local field campaign in North Dakotat ttampled
several blizzard events in 2020. This artifact weesent at these sites in varying extents, suggesiat the issue is
most likely a fundamental limitation of the Parsfvét is currently hypothesized that high numberamantrations of
BLSN may contribute to separate particles creatioljage signals indicative of singular particleshwa greater
diameter than reality. As a result, it is concluézdsivet observations should be used with caution duringgs of
wind greater than 10 mts

3.4.3. Environmental conditions during BLSN

To investigate the relationship between meteorchigiroperties and BLSN occurrence, two-dimensibisitbgrams
were produced (Figure 10). Segregation by BLSNgmateare included within Figures S3 and S4. Thalteshown
are for the 5-min algorithm, with the region satis§ 5-min + MET thresholds indicated by the arethin (a-b) and
above (c-d) the dashed lines. The Gossart algogitfotiuced nearly identical patterns to those obth&n algorithms
(not shown).
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BLSN events detected by the 5-min + MET algorithm.
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First, the relationship between visibility and wisyleed is investigated (Figure 10a-b). The majaftyetections of
BLSN occurred with 10 m wind speeds of 7.5-12.5hasd 2 m visibility of less than 3 km. Observatiafis/ery
high wind speeds were uncommon, therefore there feav BLSN detections above ~17.5 rh ©verall, low to
moderate wind speeds (3-12.5 i) svere associated with variable visibility obseiwas (0-10 km), while BLSN
with higher wind speeds tended to occur with vigipi< 3 km. As category increases, visibilitiesccease for
equivalent wind speeds (Figure S3). Human obsemsitind BLSN associated with Category 1 events likaly at
wind speeds > 6 m's This is consistent with the probability of BLSNdchdecreased visibility increasing with falling
precipitation at lower wind speeds. It also sugg#sit wind thresholds could be increased for dkgiblowing snow
events.

The subset of data with MET thresholds applied neadaa peak of detections associated with no regfuati surface
visibility, as well as a local maxima at wind speed2 m 8. Few human observations occur outside of thisoregi
for Category 1 and 2 events further supportingshoéding (Figure S3). The percent of observatias®eiated with
BLSN increased as visibility decreased, regardiégbe wind speed. Most of this result is due te iclusion of
precipitating events within Categories 2 and 3.

Figure 10c-d shows the connection observed betwéeth speed and temperature. Detected BLSN occuved a

wide range of temperatures with no clear relatignsteen. Separation by results by BLSN categoridgok no

additional insight other than allowing individualemts to appear (Figure S4). The likelihood of BLiBkreased as
the wind speeds increased at all temperatureseiagrevith previous studies. Finally, the consemativind speed
threshold removed a cluster of cases at cold tempess (< -30/C) and low wind speeds (< 1 mf)sthat may be
associated with ice fog/diamond dust.

Provided the complexity of terrain in the regioh, 3N was also investigated by wind direction. Commplénd roses
are seen (Figure 11). The most frequent wind dorecbbserved at McMurdo Station during AWARE was
northeasterly with over half of the wind observaia@oming from this quadrant (Figure 11a). Thikkisly due to
topographic effects, as McMurdo Station is bountsjethe Transantarctic Mountains to the west andhsand Mount
Erebus to the north (Costanza et al., 2016). Bh#dso the most common wind direction for all BL&MNegories due
to its frequent occurrence, shown in Figure 11Bafj detections were found at similar wind direc$iaa that of
Category 1 (not shown).

a) All Times b) Category 1

BN Percent of BLSN observations
[ Percent of wind observations

Figure 11. Distribution of 10 m wind direction @grence for each five-minute period during 2016 dp all times and b-d)
Category 1-3 BLSN cases detected by the 5-min + Mlgdrithm. Blue (red) bars represent the percehtwind (BLSN)
observations in each 10° wind direction bin.
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Although southerly winds are relatively uncommonvatMurdo Station, they are associated with BLSNighér
proportion of the time. This is particularly truz intense mixed events; over 10% of wind obseovaticoming from
170-190° are associated with Category 3 events.Jdttern is evident in the other BLSN categoneslesser degree.
Strong wind events (> 15 msobserved at McMurdo Station often occur with Seuly winds associated with a deep
low pressure system approaching the region frormtinth (Seefeldt et al., 2003; Weber et al., 20t6aning that it
may be more likely to see more intense BLSN evduatsg the occurrence of these southerly winds.

4 Example Case Studies

To demonstrate properties of the 5-min + MET altponi, two case studies are presented that repridserariety of
BLSN events McMurdo station receives.

4.1 Clear sky BLSN: 4-5 July 2016

From 2200 UTC 4 July 2016 to 0600 UTC 5 July 24 BLSN event was observed by both human observets a
the ceilometer-based algorithms (Figure 12). Huolaservers noted snow during the event, but thieisupported
in the backscatter profiles at the AMF2. Analydisvertically pointing radar data revealed surfaesdd backscatter
decoupled from cirrus clouds at heights above 4 A@L (not shown). In other words, this BLSN eventswa
independent of falling precipitation. Initial detien of BLSN by the AMF2 around 2200-2300 UTC wigsltto rapid
fluctuations in wind speed and direction suggestimginfluence of topography. The high Parsiysrticle counts
around 2300 UTC for example, were associated wittthreasterly winds shifting to northwesterly befahifting
back by 2345 UTC (Figure 12c-d). Backscatter pesféfter this time led to straight forward detettid the blowing
snow layer which had heights that reached up t®-+2QFigure 12b). Modulation of the BLSN layer danattributed
to a change in wind intensity. During the most pngled portion of the event (0000-0230 UTC), indreabeights
can be seen as wind speed increased up to 1¥ &Eventually, backscatter became intense enoughassify the
BLSN as an intense mixed case (Category 3), altmohig is clearly not the case. As the winds begasubside by
0200 UTC (Figure 12d), plume heights dropped belbetop of the backscatter column. This is causedhb
backscatter increasing above the surface layegesting that as the event waned, BLSN became sdegabove
the surface layer.
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Figure 12. a) Human observations, b) five-minuterage ceilometer attenuated backscatter, c) fivedtai average Parsivéel
particle number density, and d) five-minute averagel speed (green), visibility (orange), and relathumidity (blue) from MET
instrumentation on 4-5 July 2016 at McMurdo StatiBhSN tops derived from the 5-min + MET algoritara denoted by stars,
diamonds, and dots for categories 1-3, respectively
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This case exemplifies the limitations of the PaBiin high wind environments noted in Section 3.4£3article
number density peaks in the smallest particle sitsa moderate number of larger particles withnaéters of 2-5
mm. The periods of highest wind speeds are assacisith broad increases in large particles detecdéedround
0300 UTC, the BLSN becomes more variable, showautin the oscillating visibility observations andipdic

ground-based peaks in backscatter. It is posdiblethe BLSN organized into horizontal convectiokisrat this time
(e.g. Kennedy et al. 2020), but without satellitegery, this is purely speculative.

4.2. Intense mixed event: 12 June 2016

An intense mixed event occurred at McMurdo Statanl2 June 2016, lasting from approximately 040@360
UTC. This event saw falling snow and BLSN throughtaiduration (Figure 13). The onset of the ewesten clearly
in the visibility observations and is associatethwicreasing wind speed and low-level backscatiginning around
0300 UTC. Unlike the previous case, there is baatksc extending above identified layers of BLSN.tRar
investigation of other radar and lidars demonstr&itat ceilometer observations did not penetrateutjh the entire
column of hydrometeors (Figure 14). From 0800 UTWard, reflectivity was noted up to 5km AGL (Figuréb).
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Figure 13. As in Figure 12, but for 12 June 2016.

Differences are also noted in Parsiygrticle number densities. While values increashé smallest size bins first,
time periods of falling and blowing snow are asated with a higher density of particles from 0.8.toim. Particle

This article is protected by copyright. All rights reserved.



counts are also significantly higher than those se¢he clear sky event shown in the previousiseciWhile some
larger size particles are detected by the instranaeciear bimodal distribution is not seen ahmprevious case. The
only hint of this artificial distribution occurs@und 0600 UTC which also happens to be a local mauxi for wind
speed at 13 n1's

The algorithm appropriately detects the presencBL&N, but there are periods when the detected Bp&ihe
height is inconsistent. For example, heights fraf@@1300 UTC fluctuate depending on the presenddrgansity
of fall streaks modifying the column of ceilomebarckscatter (Figures 13-14). Given this property thie frequency
of intense mixed (Category 3) events at this lacatstatistics on BLSN plume heights are not preskeherein.
Rather, a multi-instrument algorithm is currentlgifg developed with the inclusion of the other réensensing
platforms like the HSRL and KAZR (Figure 14). Fotaenple, several demarcations are visible during évent.
HSRL backscatter (Figure 14a) has a strong gradieateight of ~300m consistent with earlier dides from the
ceilometer. Further, this region is associated wéhpressed values of both linear depolarizatiaa (&tgure 14c) and
color ratio (Figure 13d). Physically this shouldka sense as the transition from the falling taviblg snow will
involve changes in the PSD (shift to smaller disngarticles), and crystal habit (to irregular skg)p Changes in
habit will influence the depolarization ratio (Sass1991), while the color ratio serves as a pfoxyparticle size
(Bourdages et al., 2009).
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Figure 14. Five-minute average profiles of a) Hi§pectral Resolution Lidar (HSRL) attenuated backscab) Ka-Band ARM
Zenith Radar (KAZR) reflectivity, d) HSRL linearpd&arization, and e) color ratio calculated as thatio between KAZR
reflectivity and HSRL backscatter on 12 June 2BL&N heights from the 5-min + MET algorithm are atexd with black dots.
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5 Conclusions

The presented climatology of human observationda¥urdo Station showed that annual BLSN frequeranges
from 4-14%. The majority of these observations oamncurrently with precipitation rather than os @wn, and
BLSN is most likely from April to October. Compléapography in the region complicates the process this may
provide reasoning to the differences seen betweerarying algorithms and instrumentation.

Ground-based in situ and remote sensing obsenrgitiom the 2016 AWARE Campaign have been analyzeddess
the occurrence of BLSN at McMurdo Station. The areiéter-based detection algorithm derived by Gostaal.
(2017) was applied to data from AWARE and its perfance was found to be similar to the result whaplied in
Eastern Antarctica, though it had a large posttiees when compared to human observations (1234 228s2 hours).
The addition of wind speed, visibility, and relaithumidity thresholds and averaging to a five-nméntgmporal
resolution led to increased agreement with humesemations. The largest increases in agreement twithan
observations occurred in the austral summer madmtiecause of the removal of fog events by the applkéative
humidity threshold. Since there is no ground trdtke to the lack of reliable microphysical obserwadi it is
impossible to determine the true accuracy of eaethad. Based on the algorithm results and humaereasons, it
is estimated that the frequency of BLSN during AWARas 7.4-12.5%. An average annual BLSN frequen&yO-
14.0%, with a total range of 3.4-21.3%, is estirddtm McMurdo Station. This is approximately 2-&&s higher
than a previous satellite-based climatology (Palrale 2018), which was expected to be low duehtd common
presence of low cloud cover. Lower values are nlikdy to be associated with the process of BLSNvaty
occurring at the station while higher values mayrioee representative of the region due to the piasef the process
above the surface layer or influences of topography

The detection of BLSN by the algorithm is considet@ perform quite well, but significant uncertgiig associated
with the detected depth of the BLSN layer, partadyl during intense mixed events. Overall, thereasfidence in
the detection of heights with Category 1 events,ambiguous backscatter profiles when precipitatioaccurring

makes depth detection more complex for CategonyR3aevents. Better understanding of plume depittmp®rtant

to allow for more accurate estimations of impagctstiee radiation budget, mass transport, and effactsegional
surface mass balance. The new 5-min + MET algoritilinpermit use of the suite of remote sensingesbations
available during AWARE to help refine the BLSN layeight. Lastly, the 5-min + MET algorithm may agplied

to other ARM sites to gain a widespread understandif the occurrence of BLSN. Assessment of BLSma

heights and modeling of the process at McMurdoi@tatre the subject of future efforts.
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